A labilidade do grupo NO + em complexos [TpRuCl 2 (NO)] q (Tp = BL(pirazol-1-il) 3 ) foi avaliada à luz da análise de decomposição de energia (Su-Li EDA). Os efeitos eletrônicos de diferentes substituintes pseudo-axiais (L = H, ânion pirazolato, pirazol, isoxazol e isotiazol) na natureza das ligações Ru−NO foram avaliados considerando-se os complexos no estado fundamental (GS) e nos estados meta-estáveis (MS1 e MS2). Os resultados da Su-Li EDA revelam que a natureza das ligações {Ru−NO} 6 nos complexos [TpRuCl 2 (NO)] q (Tp = BL(pirazol-1-il) 3 ) é essencialmente covalente, mas apresenta ainda um caráter eletrostático significativo. A natureza dos substituintes pseudoaxiais tem um efeito direto na magnitude das ligações {Ru−NO} 6 .
Introduction
Nitric oxide (NO), one of the simplest molecules in the nature, has attracted great interest from the scientific community in the last decades since it was discovered as a secretory product in mammalian cells. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] NO also plays a crucial role in pathological and physiological processes 14 such as modulation of the immune and endocrine responses, blood pressure regulation, 15 neurotransmission, vasodilatation, induction of apoptosis, among others. 7, 8, 16 The biological effects of NO depend, in principle, on its concentration in the biological milieu. Low concentrations of NO are related with regulatory effects, while higher concentrations of nitric oxide are related with nitrosative and oxidative stress. 17 The development of storage-release systems capable of delivering NO to desired targets has stimulated the synthesis of new transition metal compounds containing NO. 14, [18] [19] [20] [21] [22] In this scenario, ruthenium complexes, including nitrosyl or nitrite complexes, are in the spotlight since they can not only scavenge but also release nitric oxide in a controlled way, regulating the NO-level in vivo. 14, 21, exhibit important properties such as solubility, high stability in aqueous solutions and capability of releasing NO 0 through photochemical or chemical monoelectronic reduction. [48] [49] [50] [51] For instance, trans- [ , isonicotinamide (isn), pyridine (py), H 2 O, pyrazine (pz), triethylphosphite (P(OEt) 3 ), 4-picoline (4-pic), 4-chloropyridine(4-Clpy), imidazole (imC or imN), 4-acethylpyridine (4-acpy) and L-histidine (L-hist)) can be tuned by the careful choice of the trans ligand L. studies, [52] [53] [54] in which the influence of different ligands (tetraammines or polyamines such as cyclam, cyclen) on {Ru−NO} 6/7 bonding situation was investigated at the light of the energy decomposition analysis (EDA). Theoretical approaches, in particular electronic structure calculations rooted on quantum mechanics, enable us to shed light on the physical and chemical properties of different compounds, even before the real synthesis. 55 In a seminal work, Onishi 56 presented the synthesis and discussed the spectroscopic properties of a new class of ruthenium nitrosyl complexes, the nitrosyl-[poly(1-pyrazolyl)borate]ruthenium(II) complexes. The importance and utility of polypyrazolyl borate ligands (also known as scorpionates) have been demonstrated by the diversity of synthesized transition-metal complexes containing such ligands. [56] [57] [58] [59] [60] [61] [62] [63] [64] The term scorpionate, coined by Trofimenko, [57] [58] [59] refers to a special class of tridentate ligands, in which two donor sites bind to the metal as a claw, and a third donor site binds to the metal as a sting of a scorpion, imprisoning it. 57, 58 Trispyrazolylborate (Tp) is therefore highlighted as the most popular ligand of this class. 57 The tripodal coordination mode conferred by polypyrazolyl borate ligands has been shown to allow a good bonding stabilization with the metal centre due to the strong sigma bonds formed between the nitrogen and the imprisoned metal. [57] [58] [59] After the first synthesis of nitrosyl-[poly (1-pyrazolyl) borate]ruthenium(II) complexes, [TpRuCl 2 (NO)] (Tp = BH(pyrazol-1-yl) 3 ) (1), 56 different applications for this class of complexes have been achieved. [60] [61] [62] [63] [64] [65] For instance, Arikawa et al. 60 have employed [TpRuCl 2 (NO)] as starting material to synthesize monoacetylide complexes, which not only have a key role as intermediates in catalytic process, but also can yield ketonyl and acyl derivatives under hydration reaction. 60 Arikawa et al. 61 has also communicated that [TpRuCl 2 (NO)] {Ru−NO} 6 in presence of equimolar amount of pyrazole and excess of Et 3 N in refluxing CH 2 Cl 2 gives rise to a binuclear complex (TpRu) 2 (µ-Cl)(µ-pz){µ-k 2 -N(=O) N(=O)}, in which an easy cleaved and reversible N−N coupling between two nitrosyl ligands was observed. 61 The transformation of the above mentioned N−N coupled complex into the oxo-bridged binuclear complex with the evolution of N 2 O was also observed, providing significant information about the mechanism of NO reduction to N 2 O by NO reductases (NOR). 61 It is common sense that the nature of pseudoaxial substituents and the introduction of substituents on pyrazolyl can significantly affect the chemical reactivity, as well as different properties of their transition metal complexes. [56] [57] [58] [59] Another important aspect that should be taken into account in ruthenium nitrosyl complexes is the fact that they present photoinduced metastable states, 66, 67 which are linkage isomers wherein the nitrosyl is bound through the oxygen atom (MS1) or sideways (h 2 ) through both nitrogen and oxygen atoms (MS2), as highlighted in Figure 1 . Photoinduced metastable states were reported in 1977 by the first time, in a Mössbauer spectroscopic study of sodium nitroprusside dihydrate (SNP). 68, 69 The metastable states of SNP were later confirmed by differential scanning calorimetry (DSC). 70 The ruthenium nitrosyl complexes, for which long-lived metastable states were observed, [71] [72] [73] [74] [75] 76, 77 In order to contribute to the comprehension of Ru−NO bonding in different classes of ruthenium nitrosyl complexes, the present work intents to shed light into the {Ru− NO} 6 bonding situation in nitrosyl-[poly(1-pyrazolyl) borate]ruthenium(II) complexes, [TpRuCl 2 (NO)] (Tp = BL(pyrazol-1-yl) 3 ) (1-6), by considering them not only in GS, but also in the MS1 and MS2 states, and by verifying the real dependence of the pseudoaxial substituents (L), in particular, pyrazolyl, pyrazole, isoxazole and isothiazole in different bonding situations ( Figure 1 ). The choice of pseudoaxial ligands is rooted on the differentiation of the electronic effects of homoscorpionate (2) from heteroscorpionates (1, 2a-6) ligands on the lability of {Ru−NO} 6 bonding. For that reason, L = H (the reference for heteroscorpionates), and 1,2-azoles, comprising pyrazole, isoxazole and isothiazole. The restriction to the 1,2-azoles family is motivated by the versatility of these compounds in supramolecular chemistry and by their distinguished importance in the design and synthesis of novel biologically active compounds.
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Methodology
Geometry optimizations, harmonic frequencies and NBO analysis of complexes 1-6 ( Figure 1 ) were calculated at the nonlocal DFT (density functional theory) level of theory, 80, 81 by using the exchange functional of Becke 82 and the correlation functional of Perdew 83 (BP86). Ahlrichs' triple-ζ-quality basis sets (TZVP) 84, 85 and scalar relativistic effects were considered for ruthenium by using the zeroorder regular approximation (ZORA). [86] [87] [88] All geometry optimizations were performed employing the ORCA package. 89, 90 Vibrational frequencies and NBO analysis were performed at BP86/TZVP level of theory, by using Gaussian03 package. 91 The energy decomposition analysis developed by Su 3 , L= H, pyrazolyl, pyrazole, isoxazole and isothiazole) 1-6, was evaluated prior to the {Ru−NO} 6 core reduction, considering the ground and the metastable states ( Figure 2 ). Geometry optimization results for 1-2 (Table S1 in In general, the presence of different pseudoaxial substituents does not affect considerably the metal-ligand Ru−NO bond lengths in complexes 1-6 (Table S1 in the SI section, Figure 3 ). On the other hand, the NO bond lengths (R(N−O)) are quite similar, but slightly larger for MS1 and MS2 than for GS, in agreement with the NO stretching frequencies (Table S1 in the SI section, Figure 3 ).
Regarding the ν(NO) stretching frequency values, they are slightly larger in 2a than in 2, despite the very similar NO bond lengths (Table S1 in the SI section). It can be easily explained by the inspection of the plots of the electrostatic potentials and dipole moments ( Figure S1 , in the SI section). It shows that by changing the pseudo-axial ligand from pyrazolyl to pyrazole, the electron density distribution in the whole molecule changes considerably, in particular around the {Ru−NO} 6 core. These changes can be attributed to the charge difference between pyrazolyl and pyrazole ligands, and also to the presence of a week intramolecular hydrogen bond between the pyrazolyl rings in 2 ( Figure S1a in the SI section). In this case, by changing the pseudoaxial ligand from pyrazolyl (2) to pyrazole (2a), not only the magnitude but also the orientation of the dipole moment change significantly ( Figure S1b in the SI section).
It is well known that in nitrosyl complexes, the infrared NO stretching band between 1950-1880 cm - 
) predominates but also that it can be slightly influenced by the nature of the employed pseudoaxial ligand.
According to Table 1 , on going from 1 to 6, the double bond character of N−O bond increases in GS and in MS1. On the other hand, for MS2, the double bond character increases going from 1 to 4, but decreases from 5 to 6. The results also predict that for a same pseudoaxial ligand, for instance L = isoxazole, complexes 3 and 4, the NO bond orders are affected by the bonding mode of pseudoaxial ligands. For instance, when isoxazole is bound to boron by nitrogen atom, 3, the Ru−NO bond orders are smaller than when it is bound by oxygen atom, 4 ( Table 1) .
The nature of the ruthenium-nitrosyl bonding was evaluated in the light of Su-Li EDA. 92 To assess the total bonding interaction energy in the {Ru−NO} 6 core, the following fragmentation scheme was adopted. For the
q-1 and NO + were considered as interacting fragments, depicted as fragments (f1) and (f2), respectively ( Table 2 ). The fragmentation of complexes 1-6 was performed by considering the fragments in the optimized geometry of complexes.
Su-Li EDA shows that the {Ru−NO} 6 . The polarization component (DE pol ) is related to the orbital stabilization on going from the isolated fragments to the complex orbitals. As previously pointed out, such character is kept mainly by metal-ligand donation and back-donation. 52 It is also important to emphasize that the covalent character observed in all linkage isomers, GS, MS1 and MS2, is larger than the electrostatic and increases on going from 1 to 6, but such increase is mild. Such small differences (see percentage values depicted in parentheses, Table 2 ) are consequence of the similarities among the employed pseudoaxial ligands. For instance, compounds 3 and 4 or 5 and 6, in which the difference observed for the covalent character can be attributed to the coordinating atom, O, N or S and their chemical softness and hardness, which have crucial effect on the donation and back-donation processes. Another issue is the long distance between the pseudoaxial ligands and {Ru−NO} 6 core. Despite such niceties, the Su-Li EDA results are sensitive and precise enough to indicate that the nature of {Ru−NO} 6 bonds are in fact influenced by the pseudoaxial ligands ( Table 2) .
The Su-Li EDA results also reveal that the interactions for complexes in GS represent the most stable bonding situation for {Ru−NO} 6 Figure 4) . Such evidence, which is in agreement with our previous studies, [52] [53] [54] can also be justified by the orbital component of the interaction, DE orb (equation 6). Particularly, in the case of ruthenium nitrosyl complexes, {Ru-NO} 6 bonds have a very strong covalent character, in which the polarization component looks to have the crucial role. The polarization component (DE pol ) for the {Ru-NO} 6 core encloses ligand-metal donation and metal-ligand back-donation. The Su-Li EDA results show that the pseudoaxial substituents ( Figure 1 ) have a crucial effect on the lability of {Ru−NO} 6 bonds, despite the similarities on the bond distance values (Figure 3 and Table S1 in the SI section). For instance, by comparing the total bonding energy (DE int KS ) for complexes 1-6 in GS, it is easy to verify that when L = H, 1 and L = pyrazolyl, 2, the [TpRu(II)Cl 2 ] q-1 interacting fragment acquires negative charge, while NO + presents positive charge (close to zero due to the back-donation). This charge configuration is responsible for the largest values of electrostatic component (DE ele ) observed for 1 and 2, not only in the GS but also in MS1 and MS2 states. An extensive decrease in the electrostatic term is observed for 2a-6, leading to a considerable decrease in the total bond energy. The results reported in Table 2 also reveal that not only the nature of pseudoaxial substituent, but also the way in which it is bound to boron atom can affect the magnitude of {Ru−NO} 6 bonds. For instance, by comparing EDA results for complexes 2a, 4 and 6, in which all the pseudoaxial substituents (pyrazole, isoxazole and isothiazole, respectively) are bound to boron atom through nitrogen, it is clear that the strongest {Ru−NO} 6 bonding interaction occurs in 2a, followed by 4 and 6. On the other hand, when the pseudoaxial ligands isoxazole and isothiazole are bound to boron by oxygen and sulphur (3 and 5) , respectively, the magnitude of {Ru−NO} 6 becomes even more reduced. Finally, two technical points should be emphasized, (i) the changes on the EDA components of {Ru−NO} 6 bonds due to the nature of pseudoaxial ligands are relatively mild, but significant; (ii) Su-Li EDA shows to be insensitive to the basis set quality, exhibiting systematic variations in each component, according to the sort of employed basis set.
Conclusions
The Su-Li results shows clearly that the nature of {Ru−NO} 6 
bond in [TpRu(II)Cl 2 (NO)]
q (Tp = BL(pyrazol-1-yl) 3 ) 1-6 is essentially covalent, which is confirmed by the magnitude of stabilizing components, such as DE pol and DE disp , but with a reasonable electrostatic character. The results also reveal that not only the nature of pseudoaxial substituent, but also the way in which it is bound to boron atom can affect the magnitude of {Ru−NO} 6 bonds. In general, {Ru−NO} 6 bonds become weaker on going from pyrazole to isoxazole and isothiazole as pseudoaxial ligands, respectively, which is attributed to the extensive decrease on the electrostatic component. It was also verified that the magnitude of {Ru-NO} 6 bonds depends on the metastable state under consideration.
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